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Abstract
Miniaturized viscosity sensors are attractive devices for condition monitoring applications involving ﬂuid media.
Most recently introduced devices utilize vibrating resonant mechanical structures interacting with the ﬂuid where the
resonance frequency and the quality factor are aﬀected by the ﬂuid’s viscosity. The viscosity of a liquid shows a signif-
icant dependence on temperature. Thus, besides a precise determination of the liquid’s temperature, the temperature
dependence and stability of the sensor’s resonance characteristics and a thorough understanding and knowledge of
the latter are prerequisite for accurate viscosity measurement. This contribution discusses diﬀerent design approaches
with respect to temperature-stable resonators.
c© 2012Published by Elsevier Ltd.
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1. Introduction
In general, the viscosity of a ﬂuid shows a strong dependence on temperature [1]. For this reason, if a ﬂuid has
to be characterized in terms of its viscosity, the ﬂuid’s temperature present during the measurement has always to be
determined for accurate (laboratory) viscosity measurements. However, in some cases it might be suﬃcient to only
determine a liquid’s viscosity without measuring it’s temperature. For such measurements a measurement setup which
does not show any cross sensitivity to temperature is suﬃcient but necessary for accurate viscosity measuring.
In our recent work, we investigated the applicability of miniaturized resonators for viscosity measurement, see
e.g., [2, 3, 4]. The basic principle of one of our viscosity sensors is depicted in Fig. 1. For these sensors, we use
harmonic Lorentz force actuation by means of AC currents in the resonators which are placed in an external magnetic
ﬁeld. The motion and thus the interaction of the resonator with the ﬂuid under test can be obtained by measuring the
motion induced voltage in the resonator, see e.g., [5, 6]. A frequency sweep containing the fundamental eigenmode
of the resonator is performed using a function generator and a lock-in ampliﬁer for excitation and for measuring the
motion induced voltage, respectively. The resonance characteristics, i.e., the resonance frequency and the quality
factor (which are evaluated from the recorded frequency response) are (strongly) aﬀected by the sample liquid’s
visosity.
In general, every type of mechanical resonator (singly or doubly clamped beams, membranes, etc.) shows a sig-
niﬁcant temperature dependence in their resonance characteristics. Regardless of the purpose of resonating sensors,
stable, i.e., repeatable temperature characteristics (which means, that there is a dependence on temperature but sta-
ble) is a prerequisite for reliable and accurate measurements. Furthermore, it is advantageous if the dependence on
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(b) Frequency response
Figure 1: In (a) the schematic drawing of the a resonating platelet used for viscosity sensing is depicted. The sensor consists of a wet-etched
metal sheet placed in an external magnetic ﬁeld B. In this ﬁgure, the left path of this wet-etched structure is used for exciting lateral vibrations
by means of Lorentz forces on AC-currents. The right path is used for pick-up by means of the motion induced voltage. The platelet, inducing
(one-dimensional) shear waves into the liquid, is the main part interacting with sample. (b) shows the (simulated) frequency responses for diﬀerent
viscosities. The arrow indicates the frequency responses for higher viscosities.
temperature is low or even negligible in the particular temperature range. If the cross-sensitivity to temperature of the
resonating sensor is signiﬁcant, a measurement of the prevailing temperature has to be performed.
For instance, the viscosity sensors presented in [3] shows a resonance frequency of 4800 Hz for 20 mPas and its
sensitivity (i.e., the resonance frequency shift) is roughly -2.5 Hz/mPas. If the resonance frequency is the quantity
used to evaluate the liquid’s viscosity, a temperature dependence of the resonance frequency of ± 1 Hz/◦C would result
in an measurement error of roughly ± 2 %.
In this contribution, we investigate the dependence of the resonance frequency on temperature for diﬀerent sensor
designs and their mountings and housings respectively.
2. Theory
In this section we brieﬂy want to explain the detuning of doubly clamped resonators due to the change of the
ambient temperature. We consider a prismatic beam being clamped by a diﬀerent material, see Fig. 2. Both mate-
rials are assumed to be homogeneous and isotropic. The resonance frequency of a doubly clamped beam (assuming
predominant normal stresses) is [7]:
fr =
1
2 l
√
σ
ρ
. (1)
Here, l, σ, and ρ are the beam’s length, the normal stresses in the beam and its mass density, respectively. The main
eﬀect of thermal detuning results from the change of normal stresses in the vibrating structure rather than from it’s
elongation. Thus, in this approach we only consider for the thermally induced change of tensile stresses. The strain
,
,
Resonator
Figure 2: A doubly clamped beam with thermal expansion coeﬃcient α1 and compliance S 1, being clamped in a material with thermal expansion
coeﬃcient α2 and compliance S 2. Equal elongations as well as balanced forces resulting from the inner thermal tensile stresses σi are assumed. Ai
are the materials eﬀective cross-sections.
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in both materials is [8]
εi = S i · σi + αi ΔT (2)
Here, S i, αi and ΔT are the material’s compliances, their thermal expansion coeﬃcients and the change of temperature
respectively. (A material’s compliance is the inverse of it’s Young’s modulus.) Under the assumption, that both
materials are equally elongated and considering balanced forces i.e. σ1 A1 = −σ2 A2 (σ is the normal stress and A the
eﬀective cross-section), the thermally induced tensile stress within the resonator is:
σ1 =
α2 − α1
S 1 + S 2 A1A2
ΔT (3)
From this simple approach it becomes clear that (besides a thorough clamping design) similar temperature coeﬃcients
are favorable to eﬀect low cross-sensitivity to temperature.
3. Temperature measurements
3.1. Measurement procedure
The goal of the presented measurements was to investigate the cross sensitivity and stability with respect to
temperature of two diﬀerent resonator designs in two diﬀerent mounting setups, see Fig. 3. The diﬀerence of the
resonators is the shape of the springs (’straight’ or ’S-shaped’, see Fig. 3(a)). The mounting setups mainly diﬀer
in their method of sealing which in turn strongly aﬀects the manner of clamping of the resonator. We distinguish
between ’seal outside’ and ’seal inside’, see Figs. 3(b) and 3(c). The evaluation of our measurements shows that the
particular type of clamping, strongly aﬀects the temperature behavior of the resonator.
In the experiments, temperature cycles from 10 ◦C to 40 ◦C (i.e., 25 ◦C ± 15 ◦C) were performed back and
forth in 5 ◦C temperature steps in a climate chamber (Weiss, WKL 100). To allow for fast and accurate temperature
adjustment of the resonator, a PI-controller was implemented where the climate chamber was used as actuator. The
temperature of the resonator was measured with two PT100 sensors. Once, the temperature reached a deviation of less
than 0.15 ◦C from its desired value, 100 frequency responses (bandwidth of 50 Hz, frequency steps of 0.5 Hz) were
recorded. One single temperature cycle was performed several times allowing for drawing conclusion about stability
and repeatability of the resonator’s temperature characteristics. Figure 4 shows the evaluation of three temperature
cycles for resonators with S-shaped springs and the sealing outside of the resonator in air. Each cross represents
the evaluated resonance frequency at the indicated temperatures. For easier interpretation, histograms are drawn to
show the stability of the particular resonance frequency. Red or black crosses and histograms denote the increasing
S-shaped springs
Straight springs
(a) Spring shapes
Seal outside
Seal inside
(b) Mountings (top view, without cover)
Cover
Sealing Base (mount)
Cover
Sealing Base (mount)
Seal outside
Seal inside
(c) Mountings (lateral view)
Figure 3: Investigated types of resonators and mountings. (a) shows two photographs of resonator cards with platelets supported by S-shaped and
straight springs, respectively. In (b) the top view and in (c) the sketches of the investigated types of mountings are illustrated.
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Figure 4: Evaluation of three temperature cycles for the resonator with S-shaped springs clamped in the mount with the seal surrounding the
resonator. Red indicates raising temperature and black indicates decreasing temperatures. Each cross denotes the resonance frequency obtained at
the particular temperature. The histograms are use to show the distribution of and the stability of the resonance frequency. The frequency step from
one bar to the next is 0.5 Hz.
or decreasing temperature steps, respectively. From theses histograms, the stable resonance frequencies are evaluated
and with the knowledge of up- or downwards shifted temperatures, the presence of hysteresis eﬀects can be estimated.
3.2. Results
This procedure was performed for every type of mounting and shape of the springs. The results are given in Tab.1.
An interesting result is that, only in the case of straight springs with inside seal signiﬁcantly diﬀerent temperature
characteristics are observed. For the mounting with the seal outside of the resonator, S-shaped and straight springs
yield approximately the same temperature characteristics. For the inside seal the S-shaped springs show similar
behavior as for the surrounding seal, where the straight springs show completely diﬀerent behavior. In this case
(straight beams, seal outside), the resonator even yields a positive temperature coeﬃcient of frequency shift. This
behavior is repeatable and was already observed in previous measurements.
Seal Spring Δ fr,rel/ϑ Δ fr/ϑ Hystmax Repeat-Shape (%/◦C) (Hz/◦C) (Hz) ability
Center S -0.02601 -1.45 3.5 excellentstraight +0.06456 +3.57 39 poor
Outside S -0.02237 -1.25 0.5 excellentstraight -0.02038 -1.13 2.5 acceptable
Table 1: Measurement results
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4. Conclusion and outlook
From the results of these and previous (not published) measurements a clear advantage of S-shaped over straight
springs can be observed. Furthermore, the clamping of the resonators has to be stable and reliable to prevent any
stick-slip eﬀects. We suppose that the poor repeatability of the resonance frequencies obtained with the inside seal
setup mainly can be associated with such stick-slip eﬀects.
Regarding future work, we will investigate other resonator designs with respect to their temperature stability.
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